A myloid ␤-protein (A␤) fibril formation and deposition long have been linked to the neuropathogenesis of Alzheimer's disease (AD) (1) (2) (3) (4) (5) . However, recent data have shown that oligomeric A␤ assembly intermediates are potent neurotoxins, and that these intermediates may be the key effectors of neurotoxicity in AD (6) . In transgenic mice expressing the human amyloid ␤-protein precursor (A␤PP) and A␤, neurologic deficits develop before and independently of the appearance of amyloid deposits (6, 7) . Importantly, soluble oligomeric forms of A␤ are neurotoxic in vitro (8) (9) (10) (11) (12) (13) (14) (15) and in vivo (15) . The main alloforms of A␤ found in amyloid deposits are 40 and 42 amino acids long (designated A␤40 and A␤42, respectively). Despite the small structural difference between these two peptides, they display distinct clinical, biological, and biophysical behavior. The concentration of secreted A␤42 is Ϸ10% that of A␤40, yet the longer form is the predominant component in parenchymal plaques (16) (17) (18) . An increase in the A␤42͞A␤40 concentration ratio is associated with familial forms of early onset AD (19, 20) . Treatments that reduce A␤42 levels have been shown to correlate with decreased risk for AD (21) . In addition, A␤42 displays enhanced neurotoxicity relative to A␤40 (22) (23) (24) . Studies of the kinetics of A␤ fibril formation have shown that A␤42 forms fibrils significantly faster than A␤40 (25) , leading to the oftrepeated statement ''A␤42 is more amyloidogenic'' than A␤40 (for a review, see ref. 26 ). However, the structural and thermodynamic meaning of this statement is not entirely clear. Moreover, if oligomeric assemblies, rather than fibrils, are the key effectors of neurotoxicity in AD, kinetic differences in fibril assembly may not underlie the differences in biological activity between the two alloforms. The distinct clinical results of elevated A␤42 levels may stem from qualitative differences, such as the formation of unique intermediates. Thus, understanding the differences between A␤40 and A␤42 with regard to the assembly of these peptides is biologically and clinically important. Here a combination of biochemical, spectroscopic, and morphologic methods was used to study the initial oligomerization and assembly of A␤40 and A␤42. The data show that these peptides have distinct behaviors at the earliest stage of assembly, monomer oligomerization. This finding may explain the particularly strong association of A␤42 with AD and suggest approaches for appropriate targeting of therapeutic agents for AD.
Materials and Methods
Isolation of Low Molecular Weight (LMW) A␤. LMW fractions of A␤ alloforms were isolated either by size-exclusion chromatography (SEC), as described (27) , or by filtration through a 10,000 M r cut-off filter, as described (28) . § Cross-Linking of A␤ and SDS͞PAGE Analysis. Freshly isolated LMW peptides were immediately subjected to photo-induced crosslinking of unmodified proteins (PICUP) and were analyzed by SDS͞PAGE, as described (27) .
Dynamic Light Scattering (DLS).
Experiments using SEC-isolated LMW A␤ were performed as described (29) . In experiments in which LMW A␤ was isolated by filtration, the peptides were transferred to a DLS cuvette and then spun for 25 min at 5,000 ϫ g to pellet dust particles. DLS measurements were performed as described (30) .
Electron Microscopy (EM)
. EM experiments were performed by using SEC-isolated LMW A␤ with or without cross-linking, essentially as described (9) .
Circular Dichroism Spectroscopy (CD)
. CD experiments were performed by using SEC-isolated LMW A␤ with or without crosslinking, essentially as described (31) .
Results and Discussion
Determination of the Oligomer Size Distributions of A␤40 and A␤42.
An obvious and attractive strategy for understanding the mechanistic basis of A␤-associated neuropathogenesis is to identify biophysical differences between A␤40 and A␤42. Here, we performed a systematic multifaceted analysis of A␤40 and A␤42 oligomerization. The first step was to determine the oligomer Abbreviations: A␤, amyloid ␤-protein; DLS, dynamic light scattering; EM, electron microscopy; LMW, low molecular weight; PICUP, photo-induced cross-linking of unmodified proteins; SEC, size-exclusion chromatography; AD, Alzheimer's disease; RH, hydrodynamic radius. ‡ To whom correspondence should be addressed. E-mail: teplow@cnd.bwh.harvard.edu. § A comprehensive description of the materials and methods is published as supporting information on the PNAS web site, www.pnas.org.
size distributions of A␤40 and A␤42. To do so, PICUP (32) was used to cross-link an aggregate-free preparation [LMW A␤ (12) ] of each peptide immediately after its isolation by SEC. PICUP is a very efficient method for rapid cross-linking of native proteins and has been used effectively in prior studies of A␤ (27) . The oligomerization state of each peptide after cross-linking was determined by SDS͞PAGE͞densitometry analysis. The distribution of PICUP-derived oligomers of A␤40 (Fig. 1A, lane 2) was characterized by similar amounts of monomer through tetramer, followed by a sharp decrease of the abundances of pentamer through heptamer. Uncross-linked A␤40 electrophoresed with an M r consistent with that of monomer. A distinctly different oligomer size distribution, comprising three groups of oligomers, was found for A␤42 ( Fig. 1 A, lane 4) . The first group, monomer through trimer, displayed decreasing intensity with increasing oligomer order. In the second group, a Gaussian-like distribution was observed between tetramer and octamer, with a maximum at pentamer and hexamer. The third group contained oligomers of M r Ϸ 30,000-60,000. Within this group, bands of nonamer through dodecamer could be resolved, and intensity maxima were observed at dodecamer and at a position consistent with octadecamer ( Fig. 1 A, arrows) . A␤42 oligomers from trimer and above migrated faster than predicted for their molecular weights, suggesting that they were stabilized in a nonextended structure by cross-linking. Uncross-linked A␤42 produced predominantly two bands, a monomer band and a broad trimer band, the latter of which was found to be induced by SDS (data not shown). An analogous band was not observed after cross-linking.
The cross-linking experiments demonstrate that even though the primary structure difference between A␤40 and A␤42 is small, it causes A␤42 to oligomerize in a profoundly different manner. The characterization of these oligomers provides an insight into the mechanism of A␤42 assembly. Specifically, the intensity maxima in the third group of A␤42 oligomers appear to comprise multiples (dodecamer, octadecamer) of the predominant small species (hexamer), suggesting that hexamers (and potentially pentamers) form basic units that associate further to form the larger assemblies.
Factors Controlling A␤42 Oligomerization. In the SEC preparation of A␤ for cross-linking, the observed retention times of LMW A␤40 and A␤42 were identical, within experimental error. (The chromatograms for A␤40 and A␤42 are published as Fig. 7 in the supporting information on the PNAS web site.) Coupled with the narrow (dimer, trimer, tetramer) A␤40 oligomer size distribution revealed by PICUP, this suggested that cross-linking of LMW A␤42 would produce a relatively restricted distribution of oligomer sizes. However, a broad range of molecular masses (Ϸ4-60 kDa) of A␤42-derived oligomers was observed in the PICUP experiments. This observation suggested that small A␤42 oligomers, which comigrate during SEC due to the rapid equilibrium among them, associate during the time period (typically 1-2 min) between their isolation and cross-linking, producing the larger assemblies observed by PICUP͞SDS͞PAGE. To examine this question further, LMW A␤42 was prepared by using filtration through a 10,000 M r cut-off filter (28) and then cross-linked immediately. SDS͞PAGE analysis of the oligomer size distribution revealed only the first two groups (monomer through trimer and tetramer through octamer) of oligomers (Fig. 1B, lane 1) . The third group of oligomers, at Ϸ30-60 kDa, was not observed. When SEC-isolated LMW A␤42 was filtered through a 10,000 M r cut-off filter (Fig. 1B, lane 3) , a similar shift of intensities was observed, and the distribution was similar to that of LMW A␤42 prepared directly by filtration (see Fig. 1B , lanes 1 and 3). LMW A␤42 prepared by SEC thus differs from that prepared by filtration. Oligomers up to octamer formed immediately after filtration, but larger oligomers were observed only when LMW A␤42 was isolated by SEC. The oligomer size distributions of A␤40, in contrast, were not affected by the preparation method (27) , suggesting that A␤40 trimer and tetramer formed immediately after filtration. The formation of larger oligomers by A␤42 may be due to the duration of the chromatographic separation or to peptide-matrix or peptide-peptide interactions, which could facilitate formation of an A␤ conformer capable of more stable intermolecular interactions than the conformers existing immediately after filtration. Alternatively, filtration may have removed conformers prone to aggregation.
Characterization of the Size Distributions of A␤40 and A␤42 Oligomers
by DLS. In the PICUP experiments, oligomers of molecular mass Ͼ60 kDa were not observed. This likely was due to the requirement that all component peptides within these larger structures must be cross-linked to be observed in SDS͞PAGE. Therefore, to monitor large A␤ oligomers, DLS was used. A useful feature of DLS is that detection sensitivity increases with increasing scatterer size (29) . In addition, DLS does not require covalent association of the peptides composing large assemblies.
LMW A␤40 and A␤42 were isolated both by SEC and by filtration and their DLS spectra recorded immediately thereafter. The size distributions observed for A␤40 revealed mainly particles of hydrodynamic radius (R H ) ϭ 1-2 nm (Fig. 2 A and  B) . All of the measurements also showed particles with large R H values (100ϩ nm). It is important to note that because the particle scattering intensity is proportional to molecular weight (29) , the actual abundance of these large particles is significantly lower than indicated in the distributions. Comparison of the DLS data for LMW A␤40 (Fig. 2 A and B) with those derived by PICUP ( Fig. 1 A, lane 2; and ref. 27 ) suggests that the 1-to 2-nm particles observed by DLS correspond to monomers, dimers, trimers, and tetramers, in equilibrium. The particle size distributions observed by DLS for LMW A␤40 isolated by either SEC or filtration were indistinguishable experimentally ( Fig. 2 A and  B) , also in agreement with the PICUP data (27) . The particle size distribution of SEC-isolated LMW A␤42 comprised two peaks, one at Ϸ10-20 nm and the other centered at Ϸ60 nm (Fig. 2C) . In contrast, in the size distribution of LMW A␤42 prepared by filtration, a peak at Ϸ6-7 nm was observed, and the 60-nm peak was missing (Fig. 2D) . In qualitative terms, the DLS results thus were very similar to the data obtained by PICUP. The oligomer size distributions of A␤40 and A␤42 were distinct, with larger oligomers observed in the distribution of the longer alloform. In addition, the distribution of LMW A␤42 was sensitive to the method of preparation, whereas the distribution of LMW A␤40 was not.
Morphology of LMW A␤40 and A␤42. The PICUP and DLS data indicated that A␤42 oligomerized in a manner distinct from that of A␤40. In particular, the A␤42 oligomer distribution suggested that higher oligomers formed through self-association of smaller pentamer͞hexamer units. To determine the morphological manifestations of the distinct oligomerization behaviors of A␤40 and A␤42, LMW A␤ preparations were examined by EM. Noncrosslinked LMW A␤40 showed mainly amorphous threads of variable length (Fig. 3A) . Within these structures, small (1-to 2-nm) ''granules'' could be observed. Upon cross-linking, similar, slightly larger amorphous structures were observed (Fig. 3B) . These structures also appeared granular, but the granule size was 4-5 nm. The most frequently observed morphology in noncrosslinked LMW A␤42 was a quasicircular structure Ϸ5 nm in diameter (Fig. 3C ). Presumably these structures are spheroidal in solution. These spheroids appeared either individually or associated together into small groups. After cross-linking, chains of spheroidal structures were apparent, most of which were connected to each other by narrow (1-to 2-nm) threads (Fig.  3D ). These structures displayed higher variability in their diameter (Ϸ2-30 nm) than did noncross-linked A␤42. Thus, in agreement with the distinct oligomer size distributions observed by PICUP and DLS, the morphologies of the early oligomeric assemblies of A␤40 and A␤42 were also distinct.
Correlation of A␤42 Oligomer Size Distributions and Morphology.
The combination of PICUP and DLS enabled monitoring of a broad range of assembly sizes, with high resolution of abundant LMW oligomers provided by PICUP and sensitive detection of lowabundance high molecular weight assemblies provided by DLS. To obtain morphologic information, EM studies complemented the PICUP and DLS work. The morphologies observed by EM for A␤42, i.e., individual 5-nm-diameter spheroids and oligomers thereof, were consistent with the hypothesis that early assemblies of A␤42 form by the oligomerization of pentamer͞hexamer units, as suggested by the PICUP data. The EM-determined sizes of the oligomers also were consistent with the intensity maxima observed by DLS at R H Ϸ 5-20 nm. However, estimates of the sizes of larger A␤42 oligomers differed depending on whether PICUP or DLS was used. For example, PICUP data suggested that the largest oligomers were Ϸ30-60 kDa in molecular mass, whereas DLS revealed scatterers with R H Ϸ 60 nm. These radii would correspond to assemblies much larger than 30-60 kDa. To better understand these observations, cross-linked LMW A␤42 was fractionated by SEC, and then SDS͞PAGE, DLS, and EM were used to examine concurrently the individual fractions. SEC produced five peaks (Fig. 4A) , each of which was collected directly into a separate DLS cuvette. Aliquots from each fraction were taken for determination of protein concentration by amino acid analysis and for morphologic analysis by EM. The DLS spectrum in each fraction then was recorded, and finally each fraction was lyophilized, resolubilized at 20-fold higher concentration, and analyzed by SDS͞PAGE.
SDS͞PAGE analysis showed that peaks 3-5 were enriched in trimer (43% of the total protein mass, determined densitometrically), dimer (63%), and monomer (90%), respectively (Fig. 4B) . Peak 2 contained mainly trimer and oligomers of SDS͞PAGE ''group 2'' (pentamer through octamer), in addition to small amounts of monomer and dimer. Only trace amounts of tetramer were observed. Relative to the nonfractionated mixture (Fig. 4B, lane C) , peak 1, the void volume peak, was enriched in oligomers of group 2. The peptide concentrations in peaks 1-5, as measured by amino acid analysis, were 0.5-1 M. At these concentrations, DLS is sensitive only to particles Ϸ40 kDa or more in molecular mass. Thus, not surprisingly, no particles were observed in peaks 2-5 (data not shown). In contrast, the DLS spectrum of peak 1 displayed intensity maxima centered at Ϸ8 -9, Ϸ40, and Ͼ130 nm (Fig. 4C) . The first two maxima likely result from the particles previously observed in DLS experiments on uncrosslinked A␤42 isolated by SEC or filtration (Fig. 2 C and D,  respectively) . The maximum at Ϸ40 nm appears to be an average of those observed at Ϸ10 -20 and Ϸ60 nm before fractionation (Fig. 2C) . The large particles (R H Ͼ 130 nm) were not observed in the uncross-linked LMW A␤42 sample (Fig. 2 C and D) . The morphologies observed electron microscopically in peaks 1, 3, and 4 were quasiglobular, with diameters Ϸ20 -50 nm (Fig. 4 D-F) , similar to those observed for nonfractionated, cross-linked A␤42 (Fig. 3D) . The lack of resolution of peak 2 from peak 3, and its low abundance, precluded acquisition of EM data for its components. Peak 5, containing predominantly monomer, showed amorphous morphologies with diameters of Ϸ5 nm (Fig. 4G) , similar to those of cross-linked A␤40. Some of these structures also were observed in peak 4.
The large (R H Ͼ 130 nm) structures revealed by DLS were not detected by SEC or PICUP. For SEC, it is likely that a combination of low resolution of high molecular weight solutes and low protein mass combined to preclude detection of these large structures. For PICUP, each peptide within a large assembly must be cross-linked for the assembly to be stabilized against SDS-induced dissociation. Although PICUP chemistry is very efficient, the efficiency is Ͻ100%, and as oligomer size increases, factors including chemical accessibility make complete cross-linking more difficult. This explains why the particles of R H Ϸ 60 nm were detected as Ϸ30-to 60-kDa bands by SDS͞PAGE.
Taken together, our data show that A␤42 oligomerizes rapidly to form pentamer͞hexamer units identifiable by PICUP͞SDS͞ PAGE. The A␤42 pentamer͞hexamer units exist in equilibrium with monomers because repeated filtering does not change their relative intensities. Importantly, both the PICUP (Fig. 1 A) and EM ( Fig. 3 C and D) data suggest that rather than growing into fibrils solely by addition of monomers, pentamer͞hexamer units self-associate to form larger beaded superstructures. Operationally, the pentamer͞hexamer units may be considered ''paranuclei,'' because they represent an initial, and minimal, structural unit from which A␤ assemblies evolve.
Conformation of Cross-Linked LMW A␤40 and A␤42. Assembly of A␤ into protofibrils and fibrils involves a significant conformational rearrangement from unstructured and helical conformations to extended ␤-sheets (33). To assess the conformational state of the A␤ oligomers identified through cross-linking, SEC-isolated LMW A␤40 and A␤42 were examined by circular dichroism spectroscopy before or immediately after PICUP reactions. The spectra of cross-linked and un-cross-linked A␤40 and A␤42 are published as supporting information on the PNAS web site. The predominant secondary structure element for both uncrosslinked A␤40 and A␤42 was ''random coil'' (84% and 79%, respectively). Smaller amounts of ␤-sheet͞␤-turn (13% and 18%, respectively; Fig. 8 , which is published as supporting information on the PNAS web site) and ␣-helix (3% for each) were also present. For both peptides, cross-linking resulted in an Ϸ10% decrease in random coil content accompanied by proportionate increases in ␤-sheet͞␤-turn (to 20% and 24%, respectively) and ␣-helix (to 6% and 7%, respectively). Comparison of the spectra produced by both uncross-linked and cross-linked A␤40 and A␤42 revealed a modestly (Ϸ5%), but consistently, higher ␤-turn͞sheet content in the A␤42 samples. These data show that the initial oligomerization of A␤ does not involve substantial conformational rearrangement. The higher ␤-turn͞␤-sheet content initially present in A␤42 may be necessary to allow its structural organization into paranuclei.
Factors Influencing the Oligomer Size Distribution. The distinct oligomer size distributions observed for A␤40 and A␤42 are related, by definition, to the Ile-41-Ala-42 dipeptide at the C terminus of A␤. To determine how C terminus length affects oligomerization, PICUP was applied to SEC-isolated LMW A␤ ending at positions 39 -43 (Fig. 5) . The oligomer size distribution of A␤39 was essentially identical to that of A␤40, indicating that Val-40 is not necessary for production of the monomer-dimer-trimer-tetramer equilibrium. In contrast, the distributions obtained for A␤41, A␤42, and A␤43 were distinct from those of A␤39 and A␤40. Densitometric analysis of the amount of each oligomer observed in six independent experiments with A␤41, A␤42, and A␤43 revealed that, on average, as the peptide length increased, the intensities shifted from the first group of oligomers (monomer through trimer) to the second group (tetramer through octamer). The densitometry results are published as Fig. 9 in the supporting information on the PNAS web site. Parallel to the shift of abundances toward the second group of oligomers, an increase in the intensity of the third group of oligomers (Ϸ30 -60 kDa) was observed. This group was not observed with A␤39, A␤40, and A␤41 but was observed clearly for A␤42 and A␤43. On average, the intensity of the oligomers in group 3 was twice as intense in the distribution of A␤43 as in that of A␤42. These data demonstrated that Ile-41 was essential for mediating paranucleus formation. Ala-42 was required for the selfassociation of paranuclei. The further elongation of the C terminus by Thr-43 facilitated this self-association. One thus would predict that mutations in the A␤PP or in the ␥-secretase complex that facilitated generation of A␤41 would produce a disease phenotype similar to, but less severe than, that produced by mutations causing elevations in A␤42 concentration. Importantly, the phenotype produced by such a mutation would help determine the pathogenetic role of paranuclei versus the larger oligomeric assemblies.
Conclusion
The spheroidal structure of the A␤42 paranuclei observed here is similar to structures observed by others (10, 11, 34) . Interestingly, a ''beads-on-a-string'' morphology, similar to oligomeric paranuclei, has been observed during the assembly of the yeast prion-like protein Sup35 (35, 36) , but the composition of the component ''beads'' was not determined. In contrast to A␤42, A␤40, immediately after isolation, appears to be grossly amorphous. In our experiments, no A␤40 paranuclei, or oligomers thereof, were detected at early time points. However, in situ atomic force microscopy studies have shown that after incubation, A␤40 can form beaded structures similar to those formed by A␤42 (37) . On longer incubation, both A␤40 and A␤42 appear to transform into protofibrillar structures (34, 37) . Our data suggest that the critical difference between the assembly of A␤40 and A␤42 is the oligomerization occurring immediately after peptide production.
In summary, using a combination of biophysical and biochemical approaches, we have gained significant insights into the structural features that may govern the distinct biological and clinical behavior of A␤40 and A␤42. A simple model, consistent with our observations, illustrates how A␤42 may assemble (Fig.  6) . The initial phase of oligomerization involves formation of pentamer͞hexamer units, paranuclei, that then associate to form 6 . A simple model of A␤42 assembly. Monomers rapidly oligomerize into paranuclei. Paranuclei themselves then can oligomerize to form larger, beaded structures. Paranuclei are the initial, and minimal, structural unit from which A␤42 assemblies evolve. The equilibrium between monomer and paranucleus is rapid, as evidenced by the fact that paranuclei are detectable immediately after peptide dissolution. The conversion to protofibrils is slower (12) , but is also reversible. Monomers, paranuclei, and large oligomers are predominately unstructured (U), but do contain ␤-sheet͞␤-turn (␤) and helical (␣) elements (see text). Protofibril formation involves substantial conformational rearrangements, during which unstructured, ␣-helix, and ␤-strand elements (U͞␣͞␤) transform into predominately ␤-sheet͞␤-turn structures. Protofibrils may form through the oligomerization of monomers into paranuclei, paranucleus self-association to form larger oligomers, and then maturation of these large oligomers into protofibrils. This ''linear'' pathway may not be the only one. Direct addition of monomers or paranuclei (dotted arrows) to protofibrils or fibrils cannot be ruled out. The final step in the overall pathway is protofibril maturation into fibrils, a process that appears irreversible, at least kinetically (38) . The diameters of the protofibrils and fibrils are indicated, but the structures in the scheme are not drawn to scale.
large oligomers and protofibrils. The fact that at similar concentrations paranuclei were not observed for A␤40 provides a plausible explanation for the distinct biological activity of oligomeric preparations of the two A␤ alloforms. Moreover, the data obtained here reveal how the primary structure difference between A␤40 and A␤42 is related to these distinct structureactivity relationships. The critical residue promoting the initial oligomerization of A␤42 is Ile-41, whereas Ala-42 (and Thr-43) facilitate the self-association of paranuclei. Our results suggest that the paranuclei formed by A␤42 may be important therapeutic targets.
